Background--Remote ischemic preconditioning (RIPC) harnesses an innate defensive mechanism that protects against inflammatory activation and ischemia-reperfusion injury, known sequelae of cardiac surgery with cardiopulmonary bypass. We sought to determine the impact of RIPC on clinical outcomes and physiological markers related to ischemia-reperfusion injury and inflammatory activation after cardiac surgery in children.
C ardiopulmonary bypass incites a damaging systemic inflammatory response. 1 Hence, multiorgan dysfunction is a common manifestation after cardiac surgery in adults and children. In addition, cessation and reinitiation of coronary artery circulation results in myocardial ischemia-reperfusion injury. 2 It has been shown that transient periods of ischemia induce an innate response that subsequently protects or preconditions against ischemia-reperfusion injury associated with more profound periods of ischemia. 3 In addition, this mechanism appears to operate when ischemia of one organ produces a protected state in a distant organ, known as remote ischemic preconditioning (RIPC). 4, 5 This response is mediated by a circulating factor, and intact neural pathways are required for its expression. 5 The exact mechanisms of this protection are unknown, although upregulation of prosurvival intracellular kinase responses 6, 7 and downregulation of inflammatory pathways each play a part. 8, 9 Clinical studies in adults with a variety of ischemia-reperfusion and inflammatory syndromes have shown promising results, [10] [11] [12] [13] and many, but not all, studies in adults undergoing cardiac surgery have shown beneficial effects of RIPC. 14, 15 Our group previously performed a preliminary clinical trial in children undergoing cardiac surgery with cardiopulmonary bypass, enrolling 37 participants, with 17 receiving 4 cycles of 5-minute periods of lower limb ischemia induced by inflation of a blood pressure cuff, with a primary outcome of plasma troponin I levels. 16 Significant reductions were noted in troponin I levels, as well as lower inotrope scores, at 3 and 6 hours after bypass. Reductions in the inflammatory marker tumor necrosis factor-a and improved lung function were noted at 6 hours. Subsequently, similar benefits of RIPC in children undergoing cardiac surgery have been shown in some studies, 17, 18 whereas others have failed to show a response, 19, 20 and none were sufficiently powered to detect differences in clinical end points. Based on these disparate and inconclusive findings, we sought to determine the impact of RIPC on clinical outcomes and physiological markers related to ischemia-reperfusion injury in a large-scale randomized clinical trial of children undergoing open heart surgery.
Methods Participants
Patients aged from birth (>36 weeks gestation) to 17 years were eligible for enrollment if they planned to undergo primary cardiac surgical repair involving the use of cardiopulmonary bypass with repair resulting in no anticipated residual shunting. Patients were excluded if they had any of the following issues: current or recent ischemic insult (vascular occlusion, episode of cardiorespiratory collapse) that was sustained within 7 days preceding anticipated repair, organ dysfunction requiring medical intervention, genetic or malformation syndrome associated with congenital heart disease (except for chromosome 22q11 microdeletion), current systemic anticoagulation treatment or the presence of a bleeding diathesis, pulmonary or airway disease requiring intervention, systemic corticosteroid use within 10 days preceding anticipated repair, documented systemic infection or sepsis within 7 days preceding anticipated repair, or no available uninstrumented limb for RIPC stimulus delivery. Potential participants were identified from surgical booking lists and preoperative clinic schedules and were approached by the study coordinators (N.A.C., S.K.) with the responsible cardiologist's permission either at the bedside if an inpatient or at the preoperative clinic visit if an outpatient. Once eligibility criteria and willingness to participate were confirmed, written informed consent was obtained (S.K., H.M.H., A.N.R.), as approved by the institutional research ethics board.
Trial Design
The study design was a parallel 2-group, double-blind, randomized clinical trial of RIPC stimulus versus an identical sham stimulus, with 1:1 allocation and no stratification. The randomization sequence was created using a random number generator using random blocks of 2 and 4 by an investigator not involved in application of the intervention or outcomes assessment (B.W.M.). Assignments were sealed in consecutively numbered tamperproof envelopes that were opened by the study coordinator (S.K.) immediately before application of the blinded study intervention.
Interventions
Participants deemed eligible and providing consent were randomized during induction of anesthesia and line placements, and the RIPC stimulus or sham maneuver was applied. For delivery of the study maneuver, the left lower limb was preferred; an appropriately sized blood pressure cuff was applied, and systolic blood pressure was measured using a hand aneroid sphygmomanometer with Doppler detection of the distal pulse. A second cuff was laid beside the limb, and the entire limb was draped. For those randomized to RIPC, the cuff placed on the limb was inflated to a pressure of 15 mm Hg above systolic pressure and maintained for 5 minutes, followed by 5-minutes deflation and repeated for a total of 4 cycles. Participants randomized to the sham group had the second cuff inflated in an identical protocol. Only the study coordinator applying the stimulus had knowledge of the intervention assignment; blinding was maintained throughout the trial for the participant, research personnel, and clinical staff. Of note, participants who received the RIPC stimulus had no instances of unintentional unblinding due to bruising or petechiae of the limb. To minimize factors either promoting or impairing preconditioning mechanisms, the anesthesia protocol was standardized to include induction with sevoflurane, with sevoflurane and fentanyl maintenance. Likewise, steroid therapy was used as standard practice in those participants aged <1 month or those undergoing circulatory arrest and limited to methylprednisolone given the night before surgery, at anesthesia induction, and in the pump prime. No patient received nitric oxide or sildenafil. Milrinone use was not precluded. Modified ultrafiltration was used for patients weighing <15 kg and for all Fontan procedure patients (no weight restriction). Continuous ultrafiltration was not used.
Outcomes
In addition to baseline medical record review, patients were monitored until hospital discharge for clinical events (mortality; duration of mechanical ventilation, postoperative intensive care unit [ICU] and hospital stay; reoperation; use of extracorporeal membrane oxygenation or other mechanical support; arrhythmia; infection). Physiological and laboratory measures were made over the first 48 hours after termination of bypass. These included measures of myocardial injury and hemodynamic stability (inotrope score, troponin I, lactate, mixed venous oxygen saturation), pulmonary insufficiency (duration of mechanical ventilation, ventilation variables), renal dysfunction (urea, creatinine, urine output, cystatin-C), hepatic dysfunction (transaminases), hematological abnormalities (complete blood count, international normalized ratio), neurological injury (clinical assessment, S100B, phosphorylated neurofilament H), and metabolic dysfunction (cortisol, leptin, insulin, glucagon, glucose, glucose-to-insulin ratio). Markers of inflammation (interleukin-6, -8, and 10; tumor necrosis factor-a; C-reactive protein; clusterin, b-2 macroglobulin) were also serially assessed. Following repair, clinical events and measures were tracked until hospital discharge, and laboratory assessments were made for the first 48 hours. The study was monitored by an independent data and safety monitoring board, which evaluated all adverse events and blinded data after 50 participants and again after 200 participants had been enrolled. No participant was unblinded throughout the course of the study. No unblinded interim analyses were performed regarding trial outcomes other than safety outcomes.
Sample Size
Study sample size was based on the primary outcome of postoperative duration of hospital stay and was aimed to detect a hypothesized reduction of 1.5 days in the RIPC group. A review of prior repairs showed an average postoperative duration of stay of 12.6AE15.9 days, and a normalizing logarithmic transformation of individual patient values showed a logarithmic mean of 8.7 days with a standard deviation of 4.2 days. With a 1.5-day reduction, a logarithmic mean of 7.2 days was hypothesized, and for a Student t test with an a of 0.05 and power of 0.85, we estimated that 143 participants per group would be required, inflated to 150 per group for attrition.
Statistical Methods
All analyses were conducted per intention to treat; 1 patient whose surgery was halted was excluded from the analysis because no intraoperative or postoperative data could be collected on this patient. The group's characteristics were compared using the Student t test assuming unequal variance between groups and Fisher exact v 2 to determine any unintentional unbalancing related to randomization and unadjusted treatment effect. Several variables were highly skewed, and natural logarithmic transformations were applied. We created a propensity score for assignment to RIPC versus sham through a logistic regression model (forward entry of baseline variables with univariable P<0.10). Linear or logistic regression models (as appropriate, depending on level of measurement of the outcome) adjusted for the previously calculated propensity score, cross-clamp time, and surgery Aristotle score were used to compare both groups while providing some adjustments for potential confounding. Linear regression models adjusted for repeated measures through a compound symmetry covariance structure were used to model change in laboratory and physiological measures for which serial data were available; both the group average and the slope of change of time were evaluated and are reported. Once again, these regression models were adjusted for propensity score, duration of aortic crossclamping, and surgery Aristotle score. A 2-sided P<0.05 was considered statistically significant for all statistical analyses. All statistical analyses were performed using SAS version 9.3 (SAS Institute).
Results

Study Participation
From April 2008 through May 2011, 1136 participants were screened, 713 were deemed eligible, and 339 were enrolled. Changes in eligibility before repair resulted in subsequent exclusion of 39 participants, with 300 participants being randomized. One patient randomized to the RIPC group was withdrawn before study intervention when the planned surgery was aborted after an allergic reaction to anesthesia induction; no data could be collected for this patient. There were no dropouts or crossovers ( Figure 1 ). Major protocol deviations occurred in 10 sham patients (all related to preoperative steroid use) and 19 RIPC patients (7 preoperative steroids, 1 extended isoflurane exposure, 11 incorrect blood pressure cuff inflation pressures [6 below target, 5 above target]). There were no study-related adverse events throughout the study.
Patient Characteristics
There were no significant differences in baseline characteristics between groups, although there was a tendency for fewer RIPC participants to be in Aristotle level IV and a tendency for longer duration of aortic cross-clamping. These 2 variables were then included as adjustment factors in all analyses of outcomes. There were no significant differences between groups regarding underlying anatomy or type of repair, with septal defect repair, right heart lesion repair, left heart lesion repair, and Fontan procedure being the prominent repair classes (Table 1) .
Clinical Outcomes
The logarithmic mean postoperative duration of hospital stay was 5.4 days in the sham group and 5.6 days in the RIPC group, giving a relative absolute effect of RIPC of +0.2 days, with a 95% confidence interval ranging from À0.7 to +0.9 days, excluding a 1.5-day and a 1-day difference, with an adjusted P value of 0.75 ( Figure 2 ). The median duration of mechanical ventilation was 19 hours in the sham group and 20 hours in the RIPC group, with an adjusted P value of 0.77 and with no significant differences at any time point or overall trend in ventilatory measures (Figure 3) . Likewise, there was no difference in duration of ICU stay, with a median of 33 hours for both the sham and RIPC groups (P=0.21). There were a few encouraging trends regarding clinical events, with a significantly reduced likelihood of arrhythmia in the RIPC group and a trend toward reduced thrombotic complications. There were no significant differences regarding the prevalence of pleural effusions, systemic infections, or seizures (Table 2 ).
Physiological and Laboratory Outcomes
Results of laboratory measures performed at 24 and 48 hours after the end of cardiopulmonary bypass are listed in Table 3 (excluding investigations performed serially). For markers of hematologic, hepatic, and renal dysfunction, no significant differences were observed at 24 hours and few were observed at 48 hours (lower white cell and neutrophil count in the RIPC group), albeit for a smaller proportion of patients with available data. There were no significant differences at any time point, and no difference in overall trend in measures of myocardial injury and hemodynamic stability ( Figure 4 ) and metabolic markers ( Figure 5 ). There were, likewise, no significant differences for serial assessments of inflammatory markers ( Figure 6 ) and for C-reactive protein, clusterin, and b2-microglobulin measured at 24 and 48 hours (Table 3) .
Subgroup Analyses
Prespecified subgroup analyses using interaction terms were used for exploratory purposes only to determine if there was a differential benefit or harm associated with RIPC for postoperative duration of hospital stay. There were no significant differences regarding age category, sex, type of surgery, Aristotle level category IV, participants enrolled in the first half versus second half of the recruitment period, preoperative steroids, duration of cardiopulmonary bypass or aortic cross-clamping, and perioperative use of propofol (during induction of anesthesia, during surgery, or during transfer to the ICU), for the primary outcome of postoperative duration of hospital stay (Figure 7 ) or any other secondary outcomes. Likewise, there was no significant differential effect of RIPC related to timing of propofol administration.
Discussion Summary
For infants and children undergoing cardiac surgery with cardiopulmonary bypass, RIPC did not significantly affect duration of mechanical ventilation, ICU, or hospital stay. RIPC was associated with lower prevalence of arrhythmia, higher overall troponin I levels, and lower white blood cell and neutrophil counts at 48 hours after bypass but with no significant impact on other clinical, physiologic, laboratory, and inflammatory markers. There were also no significant interactions in subgroup analyses.
Pediatric Clinical Trials of Ischemic Conditioning
Smaller pediatric clinical trials have explored the protective effects of ischemic conditioning in the setting of cardiac surgery with cardiopulmonary bypass. These trials have varied regarding the patient characteristics, the method and time of ischemic conditioning, and the outcomes studied. Zhou et al reported a randomized trial (n=60) in infants undergoing repair of ventricular septal defects to assess feasibility and safety of RIPC. 18 They noted no limb complications and reduced markers of myocardial and pulmonary injury, with upregulation of heat shock protein 70 expression in myocytes. Jones et al performed a randomized trial (n=39) of RIPC Figure 2 . Duration of care (hours) for RIPC and SHAM patients.
Unadjusted P values and P values adjusted for propensity score, duration of aortic cross-clamping, and surgery Aristotle score are reported. ICU indicates intensive care unit; RIPC, remote ischemic preconditioning; SHAM, sham stimulus.
in cyanosed neonates with transposition of the great arteries and hypoplastic left heart syndrome undergoing repair. 21 They noted no significant benefit regarding myocardial, renal, or neuronal protection. A larger trial (n=105) of RIPC in children showed no benefit regarding the prevalence of acute kidney injury or impact on levels of renal biomarkers. 20 A randomized trial of late RIPC (n=22) performed the day before cardiac surgery showed reduced levels of N-terminal brain natriuretic peptide levels but no difference regarding troponin levels, with no difference in levels and gene expression of inflammatory markers. 22 Pepe et al performed a randomized trial (n=40) of RIPC in children undergoing repair of tetralogy of Fallot; they examined cardiac tissue and leukocytes for protein expression and mitchondrial respiration and noted no significant differences. 19 Zhong et al reported benefits of a different conditioning strategy. 23 They performed a randomized trial (n=69) of remote ischemic postconditioning (transient limb ischemia performed at the time of aortic unclamping). They noted that postconditioning was associated with lower troponin and creatinine kinase-MB levels, with shorter postoperative ICU and hospital stays (mean 8.6 versus 10.1 days) and no significant differences regarding inflammatory markers. Although this strategy superficially appears to be superior to preconditioning, in another randomized comparison of remote ischemic pre-versus postconditioning (n=60) in pediatric cardiac surgery, both preconditioning and postconditioning were associated with similar reductions in troponin and creatinine kinase-MB levels in comparison to control Figure 3 . Serial ventilation parameters. P values are reported for the mean difference and the difference in slope between RIPC and SHAM. All P values are adjusted for propensity score, duration of aortic crossclamping, surgery Aristotle score, and proportion of patients extubated at each time point. Average indicates mean difference; CPB, cardiopulmonary bypass; FiO 2 , fraction of inspired oxygen; MVe, minute ventilation; PEEP, positive end-expiratory pressure; P peak , peak inspiratory pressure; RIPC, remote ischemic preconditioning; SHAM, sham stimulus; slope, difference in slope; VTE, exhaled tidal volume.
participants. 17 It is clear from these small proof-of-principle studies that the effect of remote conditioning in children undergoing cardiac surgery is inconsistent, even in terms of biochemical responses, and its effect on important physiological events and hard clinical end points cannot be assessed with the relatively small number of patients studied. Our larger clinical trial provides reliable evidence that the effects of RIPC on clinically relevant end points are minimal at best, at least in terms of the heterogeneous population included in our study. Consequently, although we cannot exclude a benefit of RIPC for particular subgroups of patients or some end-organ effects (eg, a longer-term study of neurodevelopmental outcomes), our study suggests that its role as a protective strategy for the general population of children undergoing open heart surgery is limited.
Reasons for Failure of RIPC in Pediatric Trials
The reported effects of RIPC in adult cardiac surgical trials range from strongly beneficial to adverse, with recent metaanalyses suggesting an overall benefit in short-term biochemical markers of injury but of uncertain long-term impact. 14, 15 The reasons for these variable reported effects are incompletely understood, but some data are emerging regarding the effectiveness of RIPC in the complex milieu of cardiac surgery. Several aspects of our study are noteworthy in this regard.
Although by far the largest pediatric cohort so far studied, the absolute number of patients in each subgroup was relatively small, and important modifying factors such as age, preexisting hypoxemia, anesthetic protocol, and degree of insult may all influence the effectiveness of RIPC. With regard to the latter point regarding degree of insult, overall and regardless of RIPC, the outcomes for our study population were substantially better than predicted. There were no deaths among the 299 patients studied, and the median hospital stay of %5 days was substantially shorter than the 12 days predicted from previous studies and that formed the basis of our power calculation. Not only does this raise the possibility of a type 2 error, but the relative well-being of the patients may influence the impact of RIPC itself. In a clinical trial of RIPC in patients with evolving myocardial infarction, for example, the benefit of RIPC was proportional to the potential size of the infarct, with more than 50% improvement in salvage by emergency angioplasty in those with potentially large infarcts in the left anterior descending territory but limited or no benefit seen in those experiencing smaller infarcts. 8 Conversely, in the pediatric population, the nature and severity of the underlying disease may in itself modify the effects of RIPC. In a recent study reported by Jones et al, there was no benefit of RIPC in neonates undergoing surgical correction of transposition of the great arteries or stage 1 palliation of hypoplastic left heart syndrome. 21 The same group, however, has recently shown that children with prior hypoxemia have evidence of pre-existing "preconditioning" manifest by high concentrations of phosphorylated proteins in their myocardium characteristic of the preconditioned state. 19 Additional RIPC did not lead to a further increase in phosphorylation, suggesting that protective pathways were maximally stimulated. It is clear then that if RIPC is to have a role for children undergoing cardiac surgery, it may be limited to certain anatomic and physiological subtypes. It is also becoming apparent that cointerventions (anesthesia, analgesia) may have important modulating effects on the RIPC stimulus. Midazolam has been reported to block and flumazenil to mimic preconditioning in a rabbit model of ischemia-reperfusion, 24 although this observation has not yet been reported in the clinical setting. It has long been known that halogenated inhalational anesthetic agents, such as isoflurane, are known to precondition. A randomized trial of RIPC on a background of isoflurane anesthesia for patients undergoing on-pump coronary artery bypass graft surgery failed to show an additional benefit of RIPC on myocardial injury, cerebral injury, or inflammatory markers. 25 In addition, patients in the RIPC group had a higher prevalence of new perioperative arrhythmia and myocardial infarctions. For our trial, the inhalational anesthesia protocol was standardized to use only sevoflurane. Sevoflurane has been shown not have a significant preconditioning effect when administered for a short period 26 but may be cardioprotective when given throughout the surgery. 27 Nonetheless, most of the positive clinical trials in adults and children, including our earlier study, 16 have shown benefit over and above the effects of inhalational anesthesia. Indeed, in a recent study of adults undergoing coronary revascularization surgery, 24 there was a reduction in troponin release in patients randomized to receive RIPC plus isoflurane anesthesia versus isoflurane Figure 5 . Serial measures of metabolic markers. P values are reported for the mean difference and the difference in slope between RIPC and SHAM. All P values are adjusted for propensity score, duration of aortic cross-clamping, and surgery Aristotle score. Average indicates mean difference; CPB, cardiopulmonary bypass; RIPC, remote ischemic preconditioning; SHAM, sham stimulus; slope, difference in slope.
alone. This study, however, used a further "control" group of patients randomized to receive RIPC plus intravenous general anesthesia with propofol or propofol alone. Patients in these groups had postoperative troponin levels similar to those undergoing surgery with isoflurane alone, and there was no benefit of additional RIPC, suggesting that propofol blocked the effectiveness of RIPC. The same group subsequently showed that propofol inhibited the increase in patients' myocardial STAT5 expression, 23 which has previously been shown to be a crucial element of the RIPC response in humans. 28 About one-third of patients in our trial received propofol at some point during their surgery. The use of propofol during induction, during surgery or during transfer to the ICU, or at any perioperative time point was not associated with a differential effect of RIPC on postoperative duration of hospital stay. Nonetheless, we cannot conclusively exclude the potential confounding effect of propofol use in the interpretation of our results. Likewise, we cannot exclude the potential confounding effect of other factors, both measured and unmeasured.
Conclusions and Implications
We have shown that RIPC does not significantly improve clinical outcomes in a large-scale randomized trial in infants and children undergoing cardiopulmonary bypass. Furthermore, subgroup analyses failed to support hypothesized clinical variables that may be used to target future clinical Figure 6 . Serial measures of inflammatory markers. P values are reported for the mean difference and the difference in slope between RIPC and SHAM. All P values are adjusted for propensity score, duration of aortic cross-clamping, and surgery Aristotle score. Average indicates mean difference; CPB, cardiopulmonary bypass; IL, interleukin; RIPC, remote ischemic preconditioning; SHAM, sham stimulus; slope, difference in slope; TNF, tumor necrosis factor.
trials, but the small numbers and the post hoc nature of these analyses preclude definitive recommendations. Multiple confounding factors, both physical and pharmacological, may have precluded a beneficial effect of RIPC in this clinical scenario.
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